We describe the capability to measure high-resolution neutron powder diffraction data to at least a pressure of 8 kbar. We have used the HRPD instrument at the ISIS neutron source and a piston-cylinder design of pressure cell machined from a null-scattering titanium zirconium alloy. Data were collected under hydrostatic conditions from an elpasolite perovskite La 2 NiMnO 6 ; by virtue of a thinner cell wall on the incident-beam side of the cell, it was possible to obtain data in the instrument's highest resolution backscattering detector banks up to a maximum pressure of 8.5 kbar.
Introduction
Neutron diffraction provides unique and unparalleled insight into the position of light atoms in, for example, perovskite frameworks; the capabilities and advantages over other radiation sources for diffraction measurements has been well documented elsewhere, as have its applications when combined with high-pressure techniques [1] [2] [3] . On a time-of-flight (tof) neutron diffraction instrument the detectors remain fixed and the angle of the detector relative to the incident beam partially defines the instrument resolution. The resolution of a diffractometer, ∆d /d (where ∆d is the full width at half maximum height for a given Bragg peak), is a measure of the spread in uncertainty in the position of a Bragg reflection for a given d-spacing. The High Resolution Powder Diffractometer (HRPD) at ISIS is one of the highest resolution neutron powder diffractometers of its type in the world and is shown schematically in figure 1 [4] . The instrument is situated ∼ 100 m from the ISIS target and the neutrons are transported to the sample by a curved elliptical supermirror guide (the long flight path reduces the flight path uncertainty). In backscattering geometry ( Figure 1 ) the ∆d /d resolution is ∼ 4x10 −4 . This resolution provides the ability to study subtle structural details and changes with temperature and pressure.
Traditionally, the pressures achievable on the HRPD instrument have been limited to that provided by gas cell technology ∼ 7 kbar [1] , and unless the sample has high symmetry and is a good neutron scatterer, it is not of use for collecting data in the high-resolution backscattering detector bank. At the ISIS neutron source pressures beyond this range are provided by the McWhan pressure cell (up to ∼ 2.2 GPa) and the Paris Edinburgh press (up to ∼ 28 GPa) [5, 6] . However, these high-pressure devices are currently not suitable for use on the HRPD instrument as a result of the comparatively large beam divergence at the sample position. This is a result of the transport characteristics of the graded super-mirror guide [4] , resulting in high backgrounds, and we are currently unable to use suitable beam collimation to solve this neutron issue without masking the high-resolution back scattering detectors.
In the current study we show how a high-pressure clamp cell (known as the HPC-11 pressure cell) can be used on the HRPD instrument to measure high-resolution data utilising the backscattering detector banks of the HRPD instrument up to 8.5 kbar with an applied load of 6 tonnes. The study has been performed on the monoclinic elpasolite perovskite La 2 NiMnO 6 [7] , which, at high pressure, is observed to transform to a rhombohedral structure. 
The Pressure Cell Design
The HPC-11 pressure cell consists of two fretted cylinders, machined from an alloy of titanium and zirconium (TiZr) in the ratio of 67.7:32.3, with an external diameter of 36 mm, reduced to 25 mm in four window sections. The overall length of the assembled cell at high load is approximately 145 mm. This ratio Ti:Zr produces a null-scattering alloy which has high neutron transparency, with no Bragg reflections (the bound coherent scattering lengths of Ti and Zr are -3.44 and +7.16 fm respectively) [8] . However, it does show Q (4πsinθ/λ) dependent incoherent scattering. The hardness of the TiZr alloy is comparable to that of stainless steel. These neutronic and physical properties make it ideal for use as the body of a pressure clamp device suitable for neutron diffraction.
A schematic of the HPC-11 pressure cell is shown in Figure 2 . The sample is loaded into polytetrafluoroethylene (PTFE) capsules with suitable pressuretransmitting media (PTM). The PTFE capsule is capped with a hard non-magnetic alloy made of a nickel, chromium and aluminium containing alloy (known as 40HNU). The inner diameter of the inner bore of the TiZr body which the PTFE sits in is 8 mm, with an approximate sample diameter of 7.5 mm. Further pistons are inserted from both sides of the sample. Finally two further push rods are inserted from both ends. Load is applied to the clamp from two further push rods (not shown) driven from a suitable load frame and, to remove the loaded clamp from the frame, the load can be maintained by rotation of the hard aluminium alloy (V95T) nuts which hold the applied load without the loading frame. The clamp has been tested to 6 tonnes of applied load and generated 8 kbar of pressure at the sample position. It is also possible to make use of a suitable constant loading frame within the diffraction instrument, or to load the pre-pressurised clamp into a cryostat with a suitable internal bore. The minimum length of sample at maximum load is 15 mm. 3. Experimental
Determination of load-pressure curves
Powdered epsomite-d7 (MgSO 4 .7D 2 O), precipitated from a saturated aqueous solution of MgSO 4 in D 2 O during slow cooling was mixed with shavings of lead (to act as a pressure marker) in the mass ratio 1:0.6. These specimens were pressed by hand into the PTFE capsule of diameter 7.9 mm and length 25 mm, dampened with FC-77 fluorinert (to act as a pressure transmitting medium to maintain hydrostatic conditions), and then capped with a steel piston. The pressure-load curve for both cells was obtained using the engineering diffractometer, ENGIN-X, located at the ISIS Neutron Source in the UK. Time-of-flight diffraction data were collected from the sample within the bare PTFE pot mounted in order to obtain a zero-pressure/room-temperature dataset in the absence of pressure cell absorption. Subsequently, the PTFE capsule and dampened (with PTM) sample was inserted into the HPC-11 pressure cell, and the remaining steel piston elements were assembled, before mounting in the screw press installed on ENGIN-X to provide the load. Following the alignment of the cells, data were collected in the 20-60 ms time-of-flight window (25 Hz) with the specimen under no load for the purpose of quantifying the absorption by the cell. Thereafter, data were collected at applied loads of 1.5, 3.1, and 4.5 tonnes for the HPC-11 pressure cells. In order to determine the cell behaviour at low temperature, measurements were performed on the PEARL instrument [3] with the loaded pressure cell within a 100 mm bore Orange Helium cryostat at 6 tonnes and at temperatures of 290 and 120 K. Data was collected using the transverse detector banks. A sample of La 2 NiMnO 6 was loaded along with NaCl as a pressure calibrant and fluorinert as a hydrostatic medium.
3.2.
High-resolution study of La 2 NiMnO 6
For the high-resolution study of the elpasolite perovskite, La 2 NiMnO 6 was mixed with NaCl with a mass ratio of 3:1 (to act as a pressure calibrant) and 1:1 FC84 and FC87 fluorinert (to provide hydrostatic conditions). The cell was assembled as per the assembly shown in Figure 2 and placed in an Enerpac load frame. Load, in tonne increments, was applied and measured using a load cell. The assembled and loaded cell was then held on a standard 'candle stick' holder for the HRPD instrument ( Figure 3 ). The height was adjusted and orientation for the incident beam marked using the specially designed alignment frame ( Figure 3) . A gadolinium mask was attached to the front face of the cell (through which the incident beam passes) in order to reduce cell scattering and ensure that only the sample volume was illuminated (Figure 3) . The cell was then placed in the instrument and data collected in the 30-130 ms frame of the HRPD instrument providing a d-spacing range at 90 • of ∼ 1-3.9Å and at 168 • (backscattering detectors) of ∼ 0.65-2.6Å. Data were collected for ∼ 8 hours per pressure point. After each data collection the cell was removed from the beam in order for the load to be increased; subsequently, masking foils were re-fitted and the cell was re-aligned for mounting on the beamline. For all experiments, data were reduced using in-house software [10] . The final diffraction patterns were analysed using the GSAS suite [11] . The pressures were determined using the equation of state (EoS) of NaCl from Decker and for lead from the work of Fortes et al [12] [13] [14] . The sample pressure at low temperature was determined from the low temperature equation of state from the work of Skelton et al [9] . Figure 3 shows the pressure -load performance as determined from the ENGIN-X experiment for the HPC11 and pressure cell. The pressure was determined from the known EoS of lead [13, 14] . The maximum pressures achieved were 8 kbar for the HPC-11 pressure cell at the maximum working load. Once residual porosity was pressed out of the sample, the cell were pressurised at a rate of ∼ 2.1(1) kbar tonne −1 which corresponds to the expected rate computed from the area of the piston (49.02 mm 2 ). As determined from the scale factors of the refined diffraction patterns (outwith and within the pressure cell), we found that the transmittance of HPC11 is ∼ 50 %. As a result of the diffracted beam collimation on the detectors of ENGIN-X, no background structure from the TiZr cell components was discernible, and parasitic scattering from the steel pistons only became apparent at high loads; the latter was eliminated by reducing the size of the incident beam by a set of jaws. Data was collected on the PEARL instrument at 6 tonnes applied load both at 290 and 120 K. At 290 K the pressure was determined to be 8.6(5) kbar and upon cooling to 120 K the pressure dropped to 5.0(5) kbar.
4.2.
A high-resolution study of La 2 NiMnO 6 to 0.8 GPa
The crystal structure of La 2 NiMnO 6 has been well studied at ambient pressure and it has been shown to crystallise with monoclinic symmetry P 2 1 /n [7] . However, this structure determination was only possible using high-resolution neutron diffraction; previous x-ray and lower resolution neutron studies had incorrectly reported it to be orthorhombic in symmetry. The monoclinic symmetry permits ordering of the nickel and manganese on specific crystallographic Wyckoff sites (2a and 2c respectively) and has been well described elsewhere [7] . At elevated temperatures the crystal symmetry transforms to rhombohedral, maintaining the B-site ordering with the space group R3.
With the sample of La 2 NiMnO 6 , loaded with NaCl and fluorinert, diffraction data were obtained at ambient pressure and are shown in Figure 4 . Data are shown from both the transverse and high-angle detector banks (90 and 168 • ). At ambient pressure the 202, 022 and 202 reflections are observable for the monoclinic phase centred around 2.24Å in the 90 • bank; the 202 reflection is observable to lower d-spacing as a shoulder relative to the closely overlapping 022 and 202 reflections. Upon going to the high-angle 168 • detector bank it is possible to resolve the fitted peaks, demonstrating the power of the high resolution detector bank to enable the determination of subtle distortions in crystal symmetry. The full d-spacing range of data collected from both detectors at ambient pressure within the pressure cell are shown in the bottom part of Figure 4 . Also shown is the background contribution from the empty pressure cell. Figure 4 also shows the diffraction patterns up to pressures of 0.8 GPa. Upon increasing pressure, the relative intensity of the reflections centred around ∼2.24Å, observed from data collected in the 90 • detector banks, are seen to change: a shoulder at lower d-spacing decreases in intensity. Extra reflections are also seen to appear at d-spacings of ∼ 2.20Å. Upon indexing the new reflections at 0.8 GPa it can be shown that they are indexible on the the rhombohedral phase previously observed at high temperature at ambient pressure [7] . The new reflections are the 222 reflections around 2.2Å reflections in the R3 space group. The growing reflection at ∼ 2.29Å is accountable by the anvils of the clamp itself. A full list of reflections in this region is given in Figure 4 . The benefit of the 168 • backscattering detector brings is clear in its ability to resolve the changes in diffraction pattern over that measured at 90 • . The difference in the ability of the two detector banks to resolve the subtle changes in the diffraction pattern and hence determine the structural transition is clear. The poorer statistics in the backscattering 168 • datasets is a result of the number of scattered neutrons satisfying the Bragg condition being inversely proportional to sin 2 (θ/2) and the difference in solid angle which is large. Data within the diffraction patterns allows us to follow the nature and extent of the phase transition with increasing pressure. Figure 5 shows the values of the lattice parameters determined by Le-Bail intensity extraction from the diffraction data as a function of pressure. There is only a small decrease in the determined lattice parameters which is understandable as the bulk modulus of La 2 NiMnO 6 is estimated form data collected at higher pressure elsewhere to be 142(6) GPa and data collection is only possible over a small pressure range in the current experiment. However, what is clear from the diffraction pattern is the change from the monoclinic to rhomobohedral phase with increasing pressure.
Conclusions
We have demonstrated the capability to measure high-resolution neutrondiffraction data up to 8.4 kbar for the first time in back-scattering geometry, as a result of the unique geometry of the pressure cells. By making use of this pressure cell we have shown the transition of La 2 NiMnO 6 elpasolite perovskite from the monoclinic phase to a high pressure rhombohedral phase (previously only observed at high temperature and ambient pressure). This work demonstrates the power of being able to obtain high-resolution neutron diffraction data at high pressure and will find applications in many crystalline systems on the HRPD instrument at ISIS and beyond.
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